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Abstract 
Head turns performed out of the plane of rotation of an artificial gravity (AG) centrifuge 
during short radius centrifugation (SRC) result in a cross coupled stimulus (CCS) to the 
vestibular system.  This stimulus, when experienced repetitively by an untrained subject, 
often leads to motion sickness, inappropriate compensatory eye movements, and a 
perceived illusory tumbling sensation.  Previous studies have shown that subjects can be 
adapted to the CCS.  We investigated the effect of sleep on the rate of adaptation to the 
CCS over multiple exposure sessions. 
Subjects performed a sequence of right-quadrant yaw head turns while lying supine on a 
centrifuge rotating at 23rpm in the clockwise direction.  The protocol consisted of 42 
spinning head turns per session and a total of three sessions for each subject, over a two-
day period.  Sessions were performed either in the early morning or late evening with an 
approximately equal separation time of 10-12 hours between consecutive sessions.  
Subjects were divided into two experimental groups: group A attended morning-evening-
morning sessions and group B attended evening-morning-evening sessions.  A total of 33 
subjects participated in the experiment, 22 of which provided complete and consistent 
data sets for the entire three-session protocol.  Subjective reports of the tumbling 
intensity, tumbling duration, and motion sickness were recorded.  Eye movement data 
was also recorded.  Adaptation is quantified as a maintained decrease in one or more of 
the recorded subjective measures or a reduction of the vestibular ocular reflex (VOR) 
slow phase time constant. 
The main results were: 
1. Sleep increases the rate of adaptation to the CCS. 
2. Time of day does not affect the tumbling sensation. 
3. Time of day affects motion sickness susceptibility, with morning sessions 
resulting in higher motion sickness scores than evening sessions. 
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1.0 Introduction 
The future of human space exploration will eventually lead to an extended, and hopefully 
everlasting, human presence in outer space.  Current plans to return to the moon and 
establish a lunar base as well as the many exciting developments in the commercial space 
industry could mark the beginning of a permanent expansion of our civilization beyond 
planet Earth.  Long duration exposure to microgravity results in deleterious effects to the 
human body.  In order for long duration spaceflight to be possible, an effective and 
comprehensive countermeasure program must be devised to counteract the negative 
effects of weightlessness on human physiology.  Among the many possible approaches to 
solving this problem, artificial gravity (AG) via short radius centrifugation (SRC) stands 
out as one of the most promising strategies for an effective countermeasure program 
(Young et al. 2008). 
1.1 Space Physiology 
There are many negative effects of long duration exposure to microgravity, and these 
have been extensively documented in many sources (Nicogossian et al. 1994; Buckey 
2006).  One of the physiological effects of greatest concern is the weakening of the 
skeletal system, particularly in bone mineral density (BMD) loss concentrated in the 
weight-bearing parts of the skeleton.  The compressive loading of the bone, as occurs in 
our 1g environment via walking and exercising, plays an essential role in maintaining the 
skeletal system.  Without skeletal loading the bones deteriorate and BMD loss of about 
0.5-2% per month can be observed in the weight-bearing bones (Lang et al. 2004; Buckey 
2006).  Shortly upon entering microgravity, cephalad fluid shift occurs due to the lack of 
gravity-induced hydrostatic pressure gradient.  As a result, body fluid is more evenly 
distributed throughout the body, as it is no longer being pooled towards the lower 
extremities.  Besides the associated mild discomfort caused by the cephalad shift, the 
body also reacts by decreasing body fluid volume in an attempt to regulate the new 
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intravascular fluid distribution.  This leads to a decrease in blood plasma and an increase 
in red blood cell concentration (Young 2003). 
In microgravity, the need for using many of the body’s muscles is highly reduced and 
over time this can lead to significant muscle atrophy and altered innervation patterns.  
The neurovestibular system also adapts to the new environment.  One of the functions of 
the otolith organs on Earth is to sense the direction of the net gravito-inertial force (GIF), 
which is used to help us keep our balance and orient ourselves with respect to gravity.  
Significant re-interpretation of the signals takes place in microgravity as the otolith 
organs are now only sensing linear acceleration (Buckey 2006). 
It is important to note that all the physiological changes are adapted to their new 
environment, they only become maladaptive upon entering a gravitational environment.  
On their return to Earth, several astronauts have experienced orthostatic intolerance due 
to the fluid loss accrued during spaceflight.  Balance problems due to the adaptation of 
the otolith organs to microgravity have also been reported (Young 2003).  Recovery of 
the musculoskeletal system from the significant bone loss and muscle atrophy is a 
lengthy process.  Full recovery of BMD to pre-flight levels is sometimes not achieved, 
even after periods of 6-months or more (Lang et al. 2006). 
1.2 Current Countermeasures 
Current countermeasures have taken three different approaches: 1) extensive daily 
exercise protocols where astronauts typically run on a treadmill or exercise on a bicycle 
ergometer for several hours, while being held down with the aid of bungee cords for 
restraint and/or resistive exercise; 2) use of pharmacological agents; and 3) use of lower-
body negative pressure (LBNP), to counter the cephalad fluid shift.  However, the 
effectiveness of all such measures is limited and the current exercise protocols are 
onerous for some, and take up many hours of the astronaut’s expensive time (Buckey 
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2006).  With an astronaut’s time worth an estimate of $270,000 per hour1, it is 
undesirable to have them exercising for several hours per day.  The current measures 
reduce bone loss and muscle atrophy, but are not able to fully prevent it.  A further 
inadequacy is that this is a piecemeal approach to treating the symptoms of being in a 
microgravity environment. 
One of the most appealing arguments for the use of AG is that it is a comprehensive 
countermeasure that can simultaneously prevent all the negative effects of microgravity 
on the human physiology.  Artificial gravity does not treat the physiological symptoms.  
Instead, it eliminates the root cause by providing a gravity analogue environment.  We 
have thus far realized that life support in the form of air, water, and food are resources 
that we must take with us during spaceflight.  These are obvious needs, but perhaps it is 
time to accept that we must also take gravity with us.  Life on Earth has evolved over 
millions of years and in the most varied and extreme of conditions, yet throughout all of 
this one factor has remained constant, gravity. 
1.3 Artificial Gravity as a Countermeasure 
The concept of AG refers to the use of centrifugation as a substitute for gravity.  The 
science fiction community has popularized this idea through Arthur’s C. Clarke’s 2001: 
A Space Odyssey, which was later adapted as a screenplay by Stanley Kubrick building 
on Wernher von Braun’s concept.  Here the spaceship was in the shape of a large torus, 
and the entire craft would rotate, providing a gravitational environment for the passengers 
in the interior.  The notion of using a rotating environment as a substitute for Earth’s 
gravity has been around since at least 1911 when Konstantin Tsiolkovsky first discussed 
it in his writings (Tsiolkovsky 1911).  Sergei Korolev used the same ideas in conceptual 
designs of rotating spacecraft attached by tethers, and Werner von Braun also included 
rotating spacecraft in his vision for the future of space exploration (Young 1999).  
 
1 A rather conservative estimate based on NASA’s cost of $450,000,000 per shuttle flight (as published on 
the NASA.gov website), and assuming a 10 day mission with a 7 person crew.  Thanks to Peter Diamandis 
for the original calculation of this estimate in his S.M. Thesis in 1988. 
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Generation of AG by spinning entire spacecrafts or any large structure is not practical due 
to the associated cost and engineering complexities. 
An alternative is to use a short-radius centrifuge, which could allow humans to exercise 
while being spun on a centrifuge.  There are many important differences between SRC 
and large-radius centrifugation.  In SRC the subject’s head is at, or close to, the center of 
rotation, and therefore there is close to a 100% gravity gradient from head to feet.  
Another crucial difference is that SRC would be used for intermittent sessions of AG as 
opposed to the continuous gravitational environment that would be experienced if the 
entire spacecraft were constantly rotating.  The force and acceleration environment of a 
SRC is complex and has several important physiological and mechanical implications 
that must be considered.  Chapter 2.0 discusses some of these issues in further detail. 
1.4 Experiment Context 
In this study we are interested in the use of a SRC as a potential countermeasure for the 
physiological deconditioning that occurs in microgravity.  In particular, we are interested 
in the effect of sleep on the adaptation of the neurovestibular response to the cross-
coupled stimulus (CCS).  Previous experiments have shown that head turns (HT) 
performed about an axis other than the axis of rotation of the centrifuge result in an 
adverse neurovestibular response due to the CCS (Young et al. 2003; Adenot 2004; 
Garrick-Bethell 2004; Pouly 2006).  The CCS is characterized by a tumbling sensation 
and involuntary compensatory eye movements due to the vestibular-ocular reflex’s 
(VOR) response to the stimulus being sensed by the semi-circular canals (SCC).  
Repeated exposure to the CCS, such as is experienced when performing recurring head 
turn movements, can lead to nausea, motion sickness (MS) and disorientation.  These are 
some of the problems associated with SRC that need to be understood in order for SRC to 
be used as a feasible countermeasure.  One alternative would be to restrict any out of 
plane head movements, as this would eliminate most of the negative side effects of SRC.  
However, from an operational standpoint this is undesirable, as we would ideally like 
people to have freedom of movement and some operational capability while on the SRC. 
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Fortunately, it appears that most people can adapt to head turn movements while spinning 
on a SRC.  Studies have shown that with an appropriate training protocol people can 
adapt to the SRC environment with centrifuge rotation rates of up to 30 RPM (Elias 
2006).  Adaptation is defined both in terms of a reduction of the VOR time constant as 
well as a reduction of the associated MS, tumbling and disorientation sensations.  It is 
important to note that adaptation appears to be highly context specific.  For example, 
adaptation to yaw head turns will not directly translate into adaptation to pitch head turns, 
therefore an effective training protocol will need to take this into account (Garrick-
Bethell 2004). 
While we want people to be able to adapt to the SRC environment, this should not be at 
the cost of any interference with adaptation to a normal 1-g or microgravity non-rotating 
environment.  The use of SRC would require intermittent sessions of AG with a periodic 
switching between a non-rotating and a SRC environment and this could potentially limit 
the usefulness of SRC.  Fortunately, AG research to date has shown that subjects who 
have adapted to the SRC environment have no problems in re-adapting to the normal, 
non-spinning environment (Young 1999). 
Previous AG neurovestibular research has looked at how several variables affect the 
response to head turns and their adaptation over time.  Some of the factors that have been 
studied include: HT velocity, angle of HT movement, HT direction, HT type, centrifuge 
rotation rate, and centrifuge rotation direction (Adenot 2004; Elias 2006; Pouly 2006; 
Sheehan 2007).  In this experiment, we attempt to study the effect of sleep on human 
adaptation to performing head turns while in a rotating environment.  Several studies 
have shown that sleep has a significant effect on memory consolidation and various 
forms of learning.  It is plausible that there is also an effect on the neurovestibular 
adaptation to the CCS (Smith 1985; Martinez et al. 1998; Maquet 2001; Sweatt 2003; 
Huber et al. 2004; Wagner et al. 2004; Huber et al. 2006). 
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1.5 Hypotheses 
Hypothesis #1: 
Sleep has a positive effect on the adaptation to the cross-coupled stimulus 
 
Hypothesis #2: 
The time of day at which a subject is spun does not have an effect on the 
subjective tumbling response 
 
Hypothesis #3: 
Sleep helps “reset” motion sickness levels back to a zero or baseline level 
 
 
 
 
 
2.0 Background 
2.1 Motion in a Rotating Reference Frame 
2.1.1 Acceleration Equation 
If we consider a point in a rotating coordinate system and represent its position in vector 
notation with unit vectors aligned with each of the Cartesian coordinate directions, we 
can differentiate twice to obtain the equation for acceleration in a rotating frame.  Note 
that in a rotating frame we must include the time derivatives of the unit vectors in the 
differentiation, as these are not constant in direction.  Following this procedure, and 
denoting vectors with bold font, leads us to the acceleration equation in a rotating 
reference frame, 
 ( ) ( )2rotational inertial
coriolis centripetal
da a
dt
= − × − × × − ωω v ω ω r	
 	
 ×r  (1) 
where  represents the angular velocity of the centrifuge, r  is the distance from the 
center of rotation, and  is the velocity of any translational motion.  For our purposes, 
we can neglect the last term by assuming that the angular speed of the centrifuge is 
constant, and its time derivative is therefore zero.  The second term in the equation is the 
Coriolis acceleration and the third term is the centripetal acceleration. 
ω
v
2.1.2 Centripetal Acceleration 
Artificial gravity refers to the centrifugal force that is exerted on any mass that is being 
centripetally accelerated in a rotating environment.  The magnitude of the artificial 
gravity that is experienced can be determined from the equation for centripetal 
acceleration, 
 
2va
r
=  (2) 
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In a SRC rotating with constant angular velocity, , we can express the velocity, v , in 
terms of the rotation rate, 
cω
cω , and the radius, , allowing us to rewrite eq. (2) as, r
 2ca rω=  (3) 
Note that this is the same as the centripetal acceleration term in eq. (1), where it is 
expressed in a more general form.  This illustrates one of the key differences between 
long and short-radius centrifugation.  In a SRC we need to operate at higher angular 
velocities in order to keep the same level of artificial gravity.  Figure 1 shows the rate of 
rotation as a function of radius for various lines of constant AG levels. 
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Figure 1 – RPM vs. radius for various AG levels 
2.1.3 Coriolis Acceleration 
The Coriolis acceleration, as described by the second term in eq. (1), will exist as a result 
of any translational movement that is not parallel to the axis of the centrifuge rotation.  
So, for example, if a subject were to swing his or her arms up and down while lying 
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supine on a rotating centrifuge, that person’s arms would be deflected either to the left or 
right side as a result of the Coriolis acceleration.  To which side the arms get deflected is 
determined by the cross product and is consequently dependant on the signs of the two 
terms.  For this particular study we are not concerned the Coriolis acceleration, as the 
subjects are not required to perform any translational movements.  In other experiments, 
subjects may be required to perform translational motions while spinning on the 
centrifuge, such as when exercising on a SRC.  In these cases, the Coriolis acceleration 
requires more careful consideration (Edmonds et al. 2007). 
2.1.4 Cross-Coupled Angular Acceleration 
We are interested in the neurovestibular response to head turns during centrifugation.  To 
fully understand the mechanics of the response we first need to understand the 
acceleration resulting from performing a head rotation while spinning on a SRC.  Here 
we follow a similar approach as in section 2.1.1, where the acceleration equation was 
derived, except that we start with an equation for the angular velocity.  Consider the 
arrangement shown in Figure 2, with a rotating, centrifuge-fixed, right-handed Cartesian 
coordinate frame. 
 
Figure 2 – Top and side view schematic of SRC with rotating coordinate frame 
We can express the total angular velocity as a sum of the angular velocities along each of 
the three axes as, 
 x y zω ω ω= + +ω i j k  (4) 
Differentiating eq. (4) gives the total angular acceleration, 
 x x y y z zω ω ω ω ω ω′ ′ ′ ′ ′ ′= + + + + +ω i i ′j j k k  (5) 
We are interested in the total acceleration resulting from performing a head turn while 
lying supine on a rotating centrifuge.  Let the centrifuge’s angular velocity be represented 
as ω ω= = Ψic x , which we assume to be constant.  This is a rotation about the x-axis as 
illustrated in Figure 2.  The head turn movement, as shown in Figure 3, represents a right 
quadrant head turn from the nose-up (NUP) to right-ear-down (RED) position. 
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Figure 3 - Right quadrant head turn from NUP to RED 
We represent the head turn as a rotation about the z-axis with velocity ω ω= = Ωkh z .  
Since there are no rotations about the y-axis and, we can eliminate the corresponding 
terms, resulting in a simplified version of eq. (5), 
 ′ ′ ′= Ω + Ωω k k  (6) 
The time derivative of the unit vector is simply its cross product with the centrifuge’s 
angular velocity, 
k
 ω′ = × = Ψ × = −Ψk k i k jc  (7) 
So that the total acceleration can be written as 
 ′ ′= Ω − ΩΨω k j  (8) 
or, alternatively, in its more general form as, 
 ( )h c′ ′= + ×ω ω ω ωh  (9) 
which explicitly shows the vector cross-product.  We refer to the last term in eq. (9) as 
the cross-coupled angular acceleration (CCAA). 
The CCAA has had a confusing naming history with some people calling it the Coriolis 
cross-coupled acceleration, and various other variations.  Some authors have argued for 
and against the use of Coriolis as part of the name, and both have rational arguments.  
The confusion arises because the same expression as given by eq. (9) can be derived from 
an entirely different approach.  Whereas here we approach the problem by modeling it in 
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terms of vectors and their rotations, a different approach considers the relative motion of 
the endolymph resulting from a head turn performed while in a rotating environment.  
Due to its inertia, the fluid inside the semi-circular canal tends to keep moving as it was 
before the head turn, and the relative motion that results can be analyzed in terms of 
Coriolis forces.  This method is, however, much more complex and less physically 
intuitive.  In this paper we chose the name CCAA since we have derived it through a 
method that does not involve the Coriolis forces, but instead shows the CCAA as the 
cross product of two vectors.  This naming convention also eliminates any potential 
confusion with the Coriolis acceleration previously described in section 2.1.3, which is 
normally associated with translational motion in a rotating reference frame.  
Nevertheless, it is worthwhile to understand that both derivations represent exactly the 
same physical phenomena (Peters 1969). 
2.2 The Vestibular System 
The vestibular system is the organ used in sensing both the direction and magnitude of 
linear and angular motions.  The two main parts of the system are the semi-circular canals 
(SCC) and the otolith organs.  The SCC detect angular motions, while the otolith organs 
are used for linear acceleration and body tilt perception.  Information from the vestibular 
system is delivered to the central nervous system (CNS) as a code of impulse frequencies 
via the eighth cranial nerve.  This information is integrated with information from 
proprioceptive, somatosensory, visual, and other inputs, along with knowledge of 
intended motion, to form an estimate of the head and body’s position and movement in 
space.  The exact way in which all the information is combined and interpreted is not 
fully understood, however, there is little doubt that the vestibular system is one of the 
predominant inputs to this process, as is evidenced by the severe impairment that is often 
observed in patients with vestibular problems.  The three SCC and the two otolith organs, 
the utricle and saccule, are bilateral and are located in the inner ear as shown in Figure 4 
(Dickman; Highstein et al. 2004). 
 Figure 4 – Diagram of the inner ear (Dickman) 
2.2.1 Semi-Circular Canals 
The SCC are composed of three approximately orthogonal canals, identified as the 
horizontal, anterior and posterior semicircular canals.  Each canal is in the shape of a 
circular tube and is filled with a fluid called endolymph.  They do not form a complete 
closed circular loop, as they are divided by the cupula, which prevents the endolymph 
from going continuously around the canal.  The three canals are not perfectly orthogonal 
and are also not aligned with the horizontal and vertical planes, yet, they work together to 
interpret yaw, pitch and roll rotations.  The orientation of the canals inside the head is 
illustrated in Figure 5.  Under normal walking or running conditions, the head may be 
tilted downwards by about 30 degrees, in which case the horizontal canal becomes 
aligned with the horizontal reference. 
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 Figure 5 – Orientation of the SCC relative to the head (Dickman) 
The cupula contains the mechanism by which the SCC transduces head rotations into 
electric signals.  Figure 6 is a diagram of the cupula’s anatomy, showing how it divides 
the SCC and how the cupula is connected to the hair cells that transport the signals to the 
vestibular nerve.  When the head is rotated the endolymph will lag behind the rotation of 
the canal due to its inertia.  This causes the cupula to deflect, or more precisely to be 
slightly deformed, as it tries to overcome the fluid’s inertia.  The restoring elastic force of 
the cupula eventually returns it to its equilibrium position as it overcomes the fluid’s 
viscosity (Dickman; Highstein et al.). 
 
Figure 6 – Cupula anatomy (Dickman) 
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When the cupula is deflected to either side, the connected hair cells are also deflected, 
affecting the signal’s firing rate.  The transduction mechanism performed by the bending 
of the hair cells is illustrated in Figure 7.  Note that with this mechanism deflection of the 
hair cells in one direction increases the signal’s firing rate, while a deflection in the other 
direction decreases the firing rate.  Since the SCC are symmetric and bilateral organs, the 
interpretation of a yaw head turn is a combination of information from the horizontal 
canals in the left and right ears.  A head turn will therefore increase the discharge rate to 
the nerve in one canal while decreasing the rate in the other canal, as is shown in Figure 8 
for a right-quadrant yaw head turn. 
 
Figure 7 – Cupula transduction mechanism (Dickman) 
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 Figure 8 – Asymmetric signal firing rate as a result of a right yaw HT (Dickman) 
If we consider a sustained head rotation at a constant angular rate, the restoring elastic 
force will return the initial deflection of the cupula back to the neutral or equilibrium 
position.  The SCC detects changes in angular velocity.  In other words, it detects angular 
accelerations, and it does not sense any angular velocity that is sustained for more than a 
few seconds (Young 2003). 
2.2.2 Otolith Organs 
The otolith organs operate in a similar way to the SCC, using the deflection of hair cells 
as the mechanism to transduce physical forces into nerve signals.  In contrast to the SCC, 
the otoliths sense linear accelerations and body tilt, relative to the net GIF.  Since linear 
acceleration is indistinguishable from gravity, the meaning of the signal being reported 
by the otoliths can be ambiguous (Young 2003). 
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2.2.3 Cross-Coupled Stimulus to the Semi-Circular Canals 
30 
 
)
So far we have described the angular acceleration resulting from performing a head turn 
in a rotating environment, which is given by eq. (9).  This is equal to the head turn 
acceleration plus the CCAA which is given by the cross product of the centrifuge and the 
head rotation rates, ( .  We have also described how the SCC work in the 
interpretation of angular accelerations.  So, if a yaw head turn is performed while lying 
supine on a rotating centrifuge, we can expect the SCC to not only sense the yaw 
acceleration but also to sense another angular acceleration about the axis orthogonal to 
both the centrifuge and head turn rotation axes.  This means that a yaw head turn will also 
stimulate the anterior and posterior semicircular canals. 
c h×ω ω
We define the stimulus resulting from a head turn performed out-of-the-plane of rotation 
of the centrifuge as the cross-coupled stimulus (CCS).  The CCS induces several 
undesirable responses such as inadequate vestibulo-ocular reflex (VOR), nystagmus, 
nausea, motion sickness and inaccurate perception of body tilt.  Fortunately, for 
vestibular research, the VOR provides us with a relatively direct measure of the state of 
the vestibular system.  A reduction of the time constant associated with the VOR serves 
to indicate adaptation to the CCS.  Therefore, by analyzing the VOR response and its 
decay throughout a training protocol we can obtain an objective measure of the response 
to the stimulus and its adaptation. 
2.2.4 Vestibulo-Ocular Reflex 
The VOR is a mechanism triggered by the vestibular system that allows us to maintain a 
stable image on the retina while moving.  It responds to both linear and rotational 
displacements by countering the body’s motion with compensatory eye movements.  The 
eye movements are compensatory, since they are in the opposite direction and 
approximately equal in magnitude to the motion causing the reaction. 
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Some head rotations may require a compensatory eye movement that exceeds the 
maximum range of the eye rotation.  As the head begins to rotate, the eyes will gradually 
move in the opposite direction, in a motion referred to as the slow phase.  The slow phase 
is interrupted by a different type of much faster eye movements in the other direction that 
reset the gaze in a motion known as the fast phase.  Subsequently, the slow phase takes 
over and the same mechanisms are repeated.  The repetition of this slow-phase, fast-
phase pattern is known as nystagmus.  Since nystagmus occurs as a response to the CCS, 
we can model and analyze the slow phase part of the response and its decay to obtain a 
measure of the adaptation to the CCS (Dickman; Highstein et al. 2004). 
2.2.5 Tumbling Sensation 
During a yaw head turn the CCS will normally stimulate all three SCC.  Therefore, if a 
subject is performing yaw head turns while lying supine on the centrifuge, he will also 
experience a sensation of rotating about the pitch and roll axes.  This feeling is referred to 
as the tumbling sensation and can cause disorientation and MS if experienced repeatedly.  
Similar to the VOR response, the tumbling sensation also reduces with adaptation.  
Subjective reporting of the tumbling sensation has proven to be a successful and reliable 
metric by which experimenters can assess the progressive adaptation of their test subjects 
(Elias 2006; Pouly 2006; Jarchow et al. 2007; Sheehan 2007). 
2.2.6 Perceived Body Tilt 
Another response to performing head turns on a centrifuge is the, often inaccurate, 
perception of body tilt.  Even if subjects remain lying horizontal on the centrifuge they 
often perceive that they are tilted with either their head higher than their feet or vice-
versa.  This feeling is likely to be a resultant of the interpretation of many different 
afferent signals by the central nervous system.  There are afferent signals from both the 
SCC and the otolith organs.  However, there are several other factors that should be 
considered such as proprioceptive and somatosensory information as well as the subject’s 
inherent knowledge that the centrifuge itself is lying horizontal as it does not have the 
mechanical capability to tilt. 
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2.2.7 Motion Sickness 
Repeated head turns in a rotating environment and the resultant exposure to the CCS can 
lead to nausea and motion sickness (MS).  If AG is to become a viable countermeasure, 
then adaptation to the AG environment must also encompass a reduction and elimination 
of the associated MS. 
The currently accepted theoretical model for MS is based on Reason’s neural mismatch 
model.  The neural mismatch model proposes that the brain maintains a “neural store” of 
coupled sensory afferent signals and motor commands.  The neural store is continuously 
updated based on acquired experiences in different situations.  When entering a specific 
scenario or commanding certain movements, the normally associated sensory signals are 
retrieved from the neural store.  The difference between the expected signals, as retrieved 
from the memory store, and the actual afferent signals are continuously computed.  
Reason postulates that MS results when this difference is larger than a certain critical 
threshold level (Reason et al. 1975; Reason 1978).  Oman expanded Reason’s model by 
adding quantitative modeling to the theory.  Oman’s model, which uses control theory to 
model the MS dynamics, includes both a fast phase and a slow phase that combined 
together form the resultant MS response.  The fast phase accounts for the short-term 
discomfort associated with an intense stimulus, whereas the slow phase represents the 
gradual build-up due to a longer exposure to conflicting inputs.  The fast phase response 
is also affected by the slow phase and a continued build-up of the slow phase will result 
in an increase in the fast phase response.  A representation of Oman’s model can be seen 
in Figure 9 (Oman 1990). 
 Figure 9 – Oman MS model (Oman 1990) 
2.2.8 Sleep, Memory Consolidation and Learning 
Humans spend about one third of their adult lives asleep.  Yet, we still have a very 
limited understanding of why sleep appears to be such an important process in humans 
and many other mammals.  Recently, there has been much interest in exploring the 
connection between sleep, learning and memory consolidation.  There is a large and 
growing body of evidence that supports the hypothesis that sleep plays an important role 
in learning by allowing the brain to consolidate our memories and what we have learnt 
throughout the day (Smith 1985; Smith 1995; Smith 1996; Martinez et al. 1998; Maquet 
2001; Smith 2001; Sweatt 2003; Huber et al. 2004; Wagner et al. 2004; Hobson 2005; 
Huber et al. 2006).  Furthermore, some researchers have even been able to correlate an 
increase in synaptic activity in brain regions associated with specific types of learning 
tasks (Huber et al. 2004; Huber et al. 2006).  Recent evidence suggests that declarative 
memory is associated with slow-wave sleep, whereas learning tasks that invoke 
procedural memory can be correlated with increases in rapid-eye-movement (REM) sleep 
activity (Fischer et al. 2002; Wagner et al. 2004; Backhaus et al. 2007). 
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3.0 Methods 
3.1 Experimental Design 
3.1.1 Experiment Groups 
In order to investigate the effect of sleep on the adaptation to the CCS, two different 
experimental groups were set up.  Each group was scheduled for three spinning sessions 
which were arranged with an approximately 12hr separation interval in between each 
session.  Group A started with a morning session, and group B with an evening session.  
The distribution of the testing sessions is shown in Table 1. 
Table 1 - Test session schedule 
 
Although a 12hr separation interval between each session is the ideal amount, this is not 
very practical.  For the purpose of allowing some flexibility in scheduling subjects, all the 
morning sessions were arranged to start between 7:00 and 9:00, and the evening sessions 
between 18:00 and 20:00.  The separation interval varied from a minimum of 9 to a 
maximum of 13 hours between sessions, with most subjects having a 10-11 hour 
separation interval.  The grey areas in Table 1 represent the typical time when subjects 
were asleep, and the white areas the time spent awake. 
3.1.2 Head Turn Protocol 
For this experiment, the centrifuge rotation rate was kept constant at 23 RPM in the 
clockwise direction.  Based on previous experiments at the MVL, a rate of 23 RPM, 
which results in approximately 1g at the feet on a 2m radius centrifuge, seems to be a 
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good compromise between providing a strong enough stimulus to elicit significant 
responses while not being so strong of a stimulus that it would result in a large number of 
subjects dropping out before completion of the experiment due to high MS.  The head 
turn protocol used is the same as in several other previous MVL experiments.  This was 
done so that another database with data from a previous experiment could be used as a 
control group for part of the data analysis.  The protocol involves a series of right-
quadrant 60-degree yaw head turns, with individual head turns alternating between from 
NUP to RED and from RED to NUP.  The head turn velocity is kept at approximately 
30°/s, this is achieved by having the subject practice the head turn movements before 
spinning, until they are being performed consistently at approximately the right velocity.  
A total of 42 spinning head turns are performed in each of the three spinning sessions.  
The entire head turn protocol is described in Table 2. 
Table 2 – Head turn protocol 
Phase # 1 2 3 4 5 6 7 
Phase name calibration pre PRE STIM POST post calibration
RPM 0 0 23 23 23 0 0 
Head Turns - 6 6 30 6 6 - 
Phases 1 and 7 are for calibrating the eye cameras, this follows the guidelines given in the 
system’s manual and uses the ISCAN® software.  In addition, a manual calibration was 
also performed, which essentially serves as a back up.  (In case the calibrated ISCAN® 
data output is corrupted, another file with the raw data is also saved which can be re-
calibrated with the manual calibration values using the eye data analysis software).  
Phases 2 and 6 consist of 6 head turns performed before and after the spinning phase.  
Phase 2 gives the subjects an opportunity to practice reporting the subjective measures 
and following the head turn protocol.  This allows for any ambiguities or confusion to be 
resolved prior to performing the spinning head turns.  Additionally, this also gives the 
experimenter time to check that all the equipment is functioning properly.  Phase 6 is 
similar, but allows for data to be collected just after centrifugation, and could be used to 
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investigate the head turn response in that timeframe, where some of the negative 
symptoms can sometimes still be present. 
Phases 3, 4 and 5 correspond to the spinning part of the experiment.  There is no 
difference between these sessions, and they are performed sequentially without pause.  
As far as the subject is concerned, this is one long session consisting of a total of 42 head 
turns.  The splitting of this section into three parts is done in order to match the protocol 
used in previous experiments at the MVL and thus facilitate the data analysis. 
3.1.3 Proposed Data Analysis Method 
In addition to the A and B groups previously described, data from a third, C-group, was 
used in parts of the analysis.  Group C consists of data from a previous experiment at the 
MVL that used the same head turn protocol as the A and B groups.  However, instead of 
testing over three sessions in two days, two sessions were conducted over two 
consecutive days for Group C.  Additionally, the time of day at which the sessions were 
scheduled was not controlled for, and, as a result, the times vary between 9:00 and 18:00.  
By comparing the first session of groups A, B, and C, we can test to see if all three 
groups have similar characteristics.  One difference among the three groups is that one 
had all its first sessions in the morning, the other in the evening, and the third at an 
uncontrolled time of day.  Any significant differences between the groups would suggest 
that the time of day at which a subject is spun has an effect on their response to the 
stimulus. 
Besides time of day, the only other difference between the first two sessions of groups A 
and B is the fact that all subjects in group B had a normal night’s sleep between the two 
first sessions, while subjects in group A had a regular working day, without any sleep.  If 
the comparison between the first session of all three groups, as mentioned in the 
preceding paragraph, shows no significant differences, we can conclude that time of day 
has no effect on the subject’s response during a spinning session.  Hence, any differences 
noted between the first two sessions of groups A and B, would likely be due to the effect 
of sleep. 
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Another interesting analysis would be to compare the overall three-session adaptation of 
groups A and B, and also compare these to the two-session adaptation of group C.  This 
analysis would allow us to test whether there is a significant advantage in terms of overall 
adaptation to having three sessions in two days, or if the overall adaptation is similar to a 
two-day, two-session, protocol. 
3.2 Equipment 
3.2.1 Centrifuge 
All experiments were performed on the Man-Vehicle Laboratory’s (MVL) centrifuge at 
the Department of Aeronautics and Astronautics at MIT.  The centrifuge is approximately 
2m in radius and subjects lie supine with their head at the center of rotation.  There is a 
motor mounted underneath the centrifuge that is connected to a gear reducer and attached 
to the centrifuge through a belt that drives the rotation.  The rotation rate is controlled 
through a computer, where the desired velocity can be input.  A tachometer attached to 
the reducer provides a measure of the actual velocity and this information is used in the 
computer’s control system to calculate the difference between the actual and commanded 
velocities, thus yielding an error signal that is regulated by the control system.  The 
current maximum velocity of the centrifuge is 35 RPM.  Figure 10 and Figure 11 show 
the overall layout of the centrifuge and the underlying motor system, respectively. 
  
Figure 10 – Layout of the MVL centrifuge 
Subjects place their head inside a helmet that allows for rotations in the yaw plane and 
their feet are placed on a footplate that can be adjusted allowing for accommodation of 
subjects between 160cm and 188cm in height.  There is also 91kg weight limit for the 
subjects, due to the limitations on the maximum bending moment of the centrifuge bed.  
Two pillows are provided for additional comfort, one for placement underneath the 
shoulders, and the other under the knees allowing the subject’s feet to rest at 
approximately the right height for placement on the footplates.  For safety reasons, 
subjects are also strapped to the bed using a seat belt.  The centrifuge is equipped with an 
emergency stop button, which cuts the power to the centrifuge if pressed, allowing the 
subject to stop the centrifuge in case of an emergency.  There is also a signaling button 
that can be depressed from its default position by the subject.  Pressing the button 
changes its output signal, which is recorded by the computer.  The data cables from the 
onboard equipment are connected to the computers through a slip ring connection 
mounted inside the centrifuge’s support axis. 
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 Figure 11 – Centrifuge motor assembly and support axis 
3.2.2 Head-Mounted Equipment 
The helmet is able to rotate freely about the yaw axis.  Figure 12 shows a detailed view of 
the helmet assembly.  The circular plate that supports the assembly has several slots in 
which pins can be secured to limit the range of rotation of the helmet.  This helps ensure 
that all the head turns cover the same range of motion.  The helmet can also be adjusted 
so that each subject can obtain a secure yet comfortable fit.  The rotating assembly is also 
connected to a potentiometer that measures the angular position.  The position as well as 
the head turn velocity is processed and recorded by the software. 
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 Figure 12 – Top and side views of helmet assembly 
Eye movements were recorded by using an infrared (IR) eye-tracking system developed 
by ISCAN® (model RK-716PCI).  Two IR cameras (one for each eye) are mounted on a 
pair of modified ski goggles, together with a pair of reflecting mirrors.  Light from an IR 
LED positioned next to the camera is reflected by the mirror and illuminates the eye.  The 
reflection of this light from the eye reaches the cameras after being reflected again by the 
mirror.  Since the pupil absorbs more light than the rest of the eye, it can be identified as 
the darker region in the image.  The ISCAN® software illuminates the dark part of the 
image by reversing the color contrast, allowing it to be tracked by the software.  The 
software records the eye positions at a sampling rate of 60Hz.  During the experiments 
the subjects wear a blindfold, which is placed over the goggle and camera assembly.  
This is to prevent any visual stimulus from interfering with the eye movement response.  
Pictures illustrating the camera and goggle assembly are shown in Figure 13. 
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 Figure 13 – Goggle and camera assembly (photo: J. Pouly, S. Sheehan) 
The eye cameras are calibrated by using 5 LEDs placed in the shape of a plus sign, and 
arranged so that the lights are 10 degrees apart, according to the specifications of the 
ISCAN® manual.  The eye tracking system is a 2D system and can track horizontal and 
vertical eye movements.  However, it cannot track torsional eye movements. 
It is important to note that the eye tracking system is not without problems.  Individual 
differences in people’s faces make it hard for the camera and goggle assembly to be 
perfectly adjusted to everyone’s face.  There are many other factors such as make-up, 
skin type, and contact lenses that affect the light reflectivity and can adversely affect the 
eye movement recordings.  The many problems associated with this system decreases the 
reliability of these measures, and increases the dependence on the subjective measures.  
For a more detailed discussion of the problems associated with the eye data refer to Pouly 
and Sheehan (Pouly 2006; Sheehan 2007). 
3.3 Measurements 
3.3.1 Subjective Measures 
The subjective measures collected in this experiment have been mostly developed at the 
MVL and are a result of building on the experience of past experiments.  These scales 
have been used extensively in past experiments at the lab, and have proven to work 
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successfully (Sienko 2000; Brown 2002; Newby 2002; Adenot 2004; Garrcik-Bethell 
2004; Elias 2006; Pouly 2006; Sheehan 2007).  Each of the following measures is taken 
after every single head turn.  Once the tumbling sensation subsides, the subject is asked 
to report their tumbling intensity (INT) for that head turn, their perceived body tilt 
(TILT), and motion sickness score (MS). 
Tumbling Intensity (INT) 
After each head turn subjects were asked to report how intense the tumbling sensation felt 
for that particular turn.  For this measure, the first spinning head turn that a subject 
performs is given a baseline intensity of 10.  Every head turn performed after this is 
referenced with respect to the previous head turns.  For example, if the second head turn 
felt half as intense as the first it would have an INT of 5, whereas 20 would represent a 
head turn twice as intense.  The INT of the head turns on the second and third sessions 
are also based on the remembered scores reported during the first session.  So the first 
head turn of the second or third session does not have to start at 10. 
Tumbling Duration (DUR) 
By using the signaling button on the centrifuge, subjects can report the duration of the 
tumbling sensation.  Subjects are instructed to press the button at the same time that they 
initiate the head turn and to keep the button pressed until the tumbling sensation 
disappears.  This signal is recorded by the computer and is synchronized with the rest of 
the head turn data, allowing the duration of the tumbling sensation to be extracted. 
Perceived Body Tilt 
The scale for the perceived body tilt is based on an image of an analog clock where the 
subject’s body is represented as the minutes’ hand of the clock with their head at the 
center and their feet at the tip.  For example, a score of 45 would mean that their feet are 
pointed at the 45 minute marker, and represents a feeling of lying horizontal on the 
centrifuge bed.  This scale is illustrated in Figure 14. 
 Figure 14 – Perceived body tilt scale 
Motion Sickness 
Subjects were also asked to report their motion sickness scores after each head turn.  The 
scale used is a similar, yet simpler, version of the Pensacola motion sickness score.  A 
scale of 0 to 20, with 0 representing no motion sickness symptoms and 20 representing 
about to vomit, is used (Sienko 2000).  If scores of about 15 are reported, the 
experimenter may opt to terminate the experiment early. 
3.3.2 Objective Measures 
The only objective measures recorded are the eye movements and the centrifuge velocity.  
Although eye movements can be highly representative of the state of the vestibular 
system, there are many problems associated with the goggle hardware and software that 
adversely affect the eye data recording. 
Eye movements 
As previously described, the horizontal and vertical eye movements are recorded using 
the ISCAN® system.  Data from the recordings is processed through the Eye Analysis 
software, which is a Matlab® program developed at the MVL for this specific 
application.  For a detailed description of this software refer to Pouly’s thesis (Pouly 
2006).  In short, the software analyzes the eye data with the goal of obtaining the 
amplitude and time constant of the slow-phase velocity (SPV) component of the VOR 
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response.  The eye position is differentiated to obtain the velocity, and the SPV is then 
separated from the fast-phase component.  A single exponential approximation is applied 
to the SPV component of each head turn separately.  The two desired parameters, the 
time constant and peak amplitude, are then obtained from the exponential fit. 
3.4 Experiment protocol 
Here we provide a summary of the main steps of the experimental protocol.  A full step-
by-step checklist of all the procedures can be found in Appendix B. 
3.4.1 Pre-experiment 
When subjects arrive for the first spinning session, they are given an introduction to the 
experiment and the centrifuge.  After the introduction, the subject is given the consent 
form to read over and encouraged to ask any questions they may have.  Before signing 
the consent form, the experimenter verifies that the subject does not have any of the 
disqualifying medical conditions listed in the consent form.  The consent and 
compensation form (if applicable) are signed and a generic computer-based questionnaire 
is administered.  The questionnaire is not specific to this particular experiment, it is 
administered to everyone performing any experiment on the MVL centrifuge.  It collects 
data such as basic contact information, anthropometric characteristics, and past motion 
sickness experience and susceptibility among other things.  Once the questionnaire is 
completed, the subject is briefed in detail about all the experimental procedures, safety 
considerations and operational aspects of the MVL centrifuge.  After the briefing and 
answering of any questions, the subject lays on the centrifuge and the helmet, footplate, 
goggles, and pillows are adjusted to make the subject as comfortable as possible. 
3.4.2 Experiment 
Before spinning up the centrifuge, a manual walk-around is performed as a standard 
safety precaution to make sure that no objects are in the centrifuge’s path.  The centrifuge 
is then activated and brought up to the desired velocity of 23 RPM.  The lights in the lab 
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are turned off and the head turn protocol, as described in section 3.1.2, is initiated.  The 
eye movement data is recorded by the ISCAN® software while the subjective measures 
are entered into a spreadsheet by the experimenter.  Throughout the course of the 
protocol, the experimenter is responsible for monitoring several instruments.  The eye 
camera screens are used to check if the subjects are maintaining their eyes open and if the 
ISCAN® system is adequately tracking the eye movements.  If necessary, the 
experimenter can remind the subject to open his or her eyes, and the contrast of eye 
cameras can also be adjusted through the ISCAN® software to ensure the best possible 
tracking.  The experimenter must also regularly monitor the third camera, which gives a 
night vision view of the subject on the centrifuge to ensure that the head turns are being 
performed at the right time and speed, and in the right direction. 
3.4.3  Post-experiment 
At the end of the head turn protocol the subject is asked a few questions about what they 
experienced during the spinning session.  The experimenter asks the subject to describe 
what they felt, including if there was a head turn direction that felt more intense than the 
other, and how the current session compares in intensity to the previous one or two 
sessions, if applicable.  These questions allow for a consistency check with the data.  For 
example, if the subject reports that they felt the tumbling intensity in the second and third 
sessions to be similar to each other but much less intense than in the first session, then we 
would expect a similar pattern to show up in the subjective scores that have been 
reported.  If this pattern is not present in the subjective data, then it is possible that a 
misunderstanding of the subjective scale caused this anomaly.  These questions are useful 
as they can help diagnose any potential problems with the data that would otherwise be 
impossible to detect based solely on the subjective scores.  If applicable, the subjects are 
also reminded to get a regular night’s sleep before the next session and to not consume 
caffeine, alcohol or other drugs, as described in the consent form. 
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3.5 Subjects 
A total of 33 subjects participated in the experiment, none of whom had any previous 
experience with the centrifuge.  Complete data sets were only obtained for 26 subjects.  
Five subjects dropped out due to MS, three of whom didn’t finish the first session, and 
two of whom finished the first session but did not return for the following session.  One 
subject did not complete the protocol because the person was ill (not due to MS), and 
another showed up at the wrong time for the second session and was unable to return at 
an appropriate time.  An additional four subjects were excluded from the analysis due to 
inconsistencies between their subjective scores and their response to the post-experiment 
questions.  Overall, complete and consistent data sets were obtained for 22 subjects, with 
11 in both groups A and B.  Coincidentally, group C also had 11 subjects.  Groups A and 
B each had 6 females and 5 males, and group C consisted of 8 males and 3 females.  All 
subjects were within the previously described height and weight restrictions of the 
centrifuge, and all conformed to the medical requirements specified in the consent form 
(Appendix A).  Most of the subjects were students from the MIT community or other 
surrounding universities, and all were recruited through either word of mouth or 
advertisement posters previously approved by MIT’s Institutional Review Board (IRB), 
the Committee on the Use of Humans as Experimental Subjects (COUHES). 
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4.0 Results 
4.1 Key Findings 
The main findings of this research are summarized as follows: 
• Time of day does not affect the reported tumbling intensity scores. 
• Sleeping in between two spinning sessions increases the initial rate of adaptation. 
• Motion sickness susceptibility to the CCS is higher in the morning than in the 
evening. 
4.2 Methodology 
The data was collected in a spreadsheet, and the statistical analyses were performed using 
the SYSTAT® software.  The statistical tools used in the analysis were mixed regression, 
generalized linear model (GLM) repeated measures analysis of variance (ANOVA), and 
non-parametric tests.  The raw data is given in Appendix D. 
The most important measures that proved consistently reliable were the subjective 
tumbling intensity (INT) and tumbling duration (DUR).  When analyzing the INT values 
two different approaches are possible, one uses the raw INT values reported by the 
subject and the other relies on the normalized INT values. 
The normalization procedure averages the natural logs of all the INT scores by subject, 
session and head turn type (NUP and RED).  For each session and each subject there are 
then two averaged values – one corresponding to head turns towards the NUP position 
and the other to RED.  The distinction between the two different types of head turns is 
important, as previous research has demonstrated a consistently longer tumbling 
sensation (as well as consistent difference in all other measures) for head movements to 
NUP than for head turns to RED (Jarchow et al. 2007).  These averaged log values are 
then subtracted from the log INT values for each head turn to produce the normalized log 
intensity.  The normalization procedure essentially decouples the distribution of the 
intensity scores (around their geometric mean) from their associated magnitudes.  The 
average of the logs (across subject, session and head turn type), are measures of 
magnitude, while the normalized intensities represent the distribution of the INT scores.  
These two measures are given by eq. (10) and (11), respectively. 
 
ln( )
( )
#   
INT
avLn INT
of Head Turns
= ∑  (10) 
 ln( ) ( )nINT INT avLn INT= −  (11) 
The normalization gives us the advantage of being able to compare the distributions and 
the magnitudes separately.  On the other hand, one disadvantage of this approach is that 
by averaging by subject, session and head turn type we end up with only two values for 
the magnitudes of the head turns for each session and subject.  If we are interested in 
analyzing the change in the magnitude of the reported intensities across a group, across 
sessions, or within a session by using a repeated measures ANOVA or other similar 
approach, it may be better to use the raw INT values in the analysis.  By using the raw 
values we have an INT value for each individual head turn, providing the statistical test 
with a large number of cases, or higher number of repetitions of the dependant measure.  
If we were to use the normalized values, we would only have two numbers representing 
the magnitude of the intensities for each subject, for each session.  The statistical power 
of the repeated measures analysis grows as the number of cases increases, and this 
motivates us to use the raw INT values for that part of the analysis.  Therefore, we will 
use the normalized INT values when we want to look at the raw distribution of the data.  
In particular, we will use this approach to compare the data from the first session of each 
group, as this will allow us to see if there are any unexpected asymmetries between the 
groups that could suggest that the subject pool is biased and not an adequate, random 
selection from the overall population.  For all the other analyses we will use the INT data 
in its raw format. 
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4.3 Data Case Selection 
4.3.1 Phase 3 
Phase 3, which corresponds to the first 6 spinning head turns of each session, has been 
excluded from all the INT data analysis.  For subjects who have never experienced the 
tumbling sensation caused by the CCS, the first few head turns can be overwhelming.  It 
appears that almost all subjects need to experience a few spinning head turns before they 
are able to accurately assess and report what they are experiencing. 
4.3.2 Control Group 
Although we initially planned to use both sessions of group C in the data analysis, we 
have limited ourselves to the first session.  The data from the second session is suspect, as 
there are some inconsistent patterns that do not match the expected behavior for this 
protocol.  For example, many subjects start their second session reporting intensities of 
10.  This is unusual because it suggests that the subject felt the same intensity for the first 
head turn of both the first and second sessions, implying that no adaptation was achieved.  
It is possible that this is due to a misunderstanding of the INT scale.  For the second or 
third sessions, subjects are supposed to report their INT scores based on what they have 
previously experienced and reported.  Therefore, the first head turn of a second session 
would not usually to start at 10.  We speculate that this abnormality is due to a 
misunderstanding of the INT scale, perhaps due to a lack of clarity in the instruction of 
the subject.  We therefore only consider the data from the first session of group C, and 
exclude the second half from the analysis. 
4.3.3 Outlier 
During the preliminary data analysis one subject was identified as an outlier.  Subject 
#619 from group B was the only one who reported higher intensities in the second and 
third sessions than in the first session.  Besides this being unusual and unexpected, this 
also contradicts the subject’s own description of their sensations.  At the end of the 
training protocol the subject stated that he felt a greater reduction in the tumbling 
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intensity between the first two sessions than between the second and third.  This account 
of the subject’s experience contradicts the reported subjective intensity scores and is 
likely due to the subject being unable to accurately recall the reported scores from the 
previous session, resulting in misleading subjective intensity scores.  The tumbling 
intensity analyses presented here all exclude this subject. 
4.4 Tumbling Intensity (INT) 
4.4.1 Session 1 - Time of Day and Sample Population 
If we consider only the first spinning session of each group, then the only differences 
between groups A, B and C are the time of day at which they were spun.  Using the 
normalization procedure, Figure 15 shows the distribution and magnitude of the 
intensities of all three groups for session 1.  All three distributions are centered at 0 (due 
to the normalization procedure) and we can see that they all have a similar variance.  
Note that although it seems like there are a large number of outliers1 in Figure 15 (a), 
each point represents an individual head turn.  Each group has 11 subjects and in each 
session we are considering 36 spinning head turns; thus each column contains a total of 
396 points.  Therefore, the outliers are only a small percentage of all the head turns.  All 
three groups also show similar tumbling intensity magnitudes, as can be seen in Figure 15 
(b). 
 
1 The asterisks and circles represent the outliers and the far outliers in Figure 15, respectively.  We define 
the spread as the absolute value of the difference between the 75th and 25th percentile.  The outliers and far 
outliers (d=1.5 and d=3, respectively) represent data points that are either greater than the 75th percentile + 
d*spread, or less than the 25th percentile - d*spread. 
     
Figure 15 – Distribution (a) and magnitude (b) of intensities for Session 1 
We know from previous studies that the RED and NUP head turns are significantly 
different from each other (Jarchow et al. 2006).  Therefore, a more accurate way to 
compare the two groups would be to compare the two head turn types separately, as in 
Figure 16.  We again see a similar distribution pattern.  From these graphs we can 
conclude that there does not appear to be any significant difference between the reported 
first session intensity distribution and magnitudes across all three groups.  As a corollary, 
we are also justified in stating that time of day does not affect the reported subjective 
tumbling intensity scores.  The similarities between the three groups also suggest that 
each is composed of an un-biased random sample of the overall population. 
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Figure 16 – Distribution of intensities for session 1 by Group and HT type 
Several variations of the above comparisons can be made by plotting the intensities 
against sex or by using the raw values as opposed to the normalized intensities.  Yet, in 
all cases, none of the graphs suggest a significant difference between the groups.  For 
additional plots of these comparisons refer to Appendix C. 
4.4.2 Sessions 1 to 3 – Adaptation to CCS 
For all groups adaptation always occurred with the tumbling intensities decreasing across 
the experimental sessions.  Figure 17 shows this decrease for each head turn type and by 
group.  Group A seems to have a linear decay across the three sessions showing a similar 
amount of adaptation in between sessions, independent of having slept or not.  In group 
B, however, a greater amount of adaptation is achieved in between the first two sessions, 
suggesting a positive effect of sleep in the adaptation process.  The slopes of the lines 
between sessions 2 and 3 are greater for group A.  This could again be attributed to the 
effect of sleep in group A, or it could also be due to the fact that group B is already 
highly adapted and close to its maximum adaptation level.  The fact that both groups have 
very similar starting points supports the finding that both groups are representative of the 
average population, as described in the previous section.  Looking at the end points in the 
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graph also suggests that group B might have a higher overall adaptation, however, the 
difference is small and might not be significant. 
 
Figure 17 – INT across sessions with standard error for groups A and B 
4.4.3 Statistical Analysis - Effect of Sleep on Adaptation 
A GLM repeated measures ANOVA analysis was performed for the first two sessions of 
groups A and B.  The raw INT were used as the dependant measure, and both group and 
gender were set as independent categorical variables.  Table 3 gives the main results for 
the analysis.  Significant effects are shown in bold font.  Note that reps stands for the 
repeated measures, since we are considering phases 4 and 5 of each session this translates 
into 18 reps for 2 head turn types, for 2 sessions. 
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Table 3 – GLM ANOVA results for INT (session 1/2, groups A/B) 
Source SS df Mean Squares F-ratio p-value 
GROUP 368.631 1 368.631 0.558 0.465 
GENDER 22.891 1 22.891 0.035 0.854 
HT_DIR 3102.653 1 3102.653 29.638 0.000 
HT_DIR*GROUP 3.687 1 3.687 0.035 0.853 
HT_DIR*GENDER 0.826 1 0.826 0.008 0.930 
SESSION 3387.409 1 3387.409 48.550 0.000 
SESSION*GROUP 401.826 1 401.826 5.759 0.027 
SESSION*GENDER 0.124 1 0.124 0.002 0.967 
REPS 974.437 17 57.320 14.062 0.000 
Head turn direction, session, reps and session*group are all significant effects.  These 
results match what we would expect to find; the NUP head turns are different than the 
RED, there is significant adaptation both between and within sessions, and gender is not a 
significant effect.  There is a significant effect of sleep on adaptation (p=0.027) 
represented by the session*group cross effect.  This validates our first hypothesis and is 
evidence of the positive effect of sleep on the adaptation to the CCS. 
In order to test the validity of the generated model we must look at the residuals and 
verify that all the assumptions inherent in the model are satisfied.  Figure 18 is a plot of 
the estimated values versus the residuals. 
 
 
 
Figure 18 – Estimates vs. residuals from GLM ANOVA analysis 
We can see that the residuals appear to be normally distributed about 0 with an 
approximately equal variance.  The only area that appears unusual is the lower left corner 
of the graph, where no data points exist.  This empty corner is due to the fact that the first 
head turn for each subject is assigned an intensity of 10.  The differences in reported INT 
values between different subjects will tend to grow the further away we get from the 
starting point.  This would result in a region with a lower variance corresponding to the 
first few head turns of the experiment.  The model is moderately robust to variations in 
the equal variance assumption.  Therefore, this small discrepancy does not invalidate the 
model, especially since we have an explanation for why it exists. 
Another useful plot to check the normality assumption is a probability plot of the 
residuals, as given in Figure 19.  The residuals are shown to closely approximate the 
normal distribution, and are centered at 0. 
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Figure 19 – Probability plot of residuals from GLM ANOVA analysis 
 
A mixed regression analysis was also performed on the same data.  The results strongly 
agree with the results presented above.  Significant effects were found for the same 
factors (session, head turn type, and group*session), while gender was again not a 
significant effect.  The complete mixed regression analysis can be found in Appendix C. 
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4.5 Tumbling Duration (DUR) 
4.5.1 Session 1 - Time of Day and Sample Population  
Figure 20 shows the tumbling duration for both groups for the first session, separated by 
head turn direction.  This data further supports our finding that there are no unexpected 
asymmetries in the groups and that they originate from samples that are representative of 
the population.  As with the INT data, the DUR data also supports our hypothesis that 
time of day does not affect the tumbling sensation. 
 
Figure 20 – Distribution of DUR f or Session 1 by Group and HT direction 
4.5.2 Sessions 1 to 3 – Adaptation to CCS 
The duration of the tumbling sensation also seems to show some adaptation over the three 
sessions.  Figure 21 shows the change in DUR over the three sessions for both groups and 
head turn types.  The pattern is similar to what was observed for the INT scores (refer to 
Figure 17).  Between sessions 1 and 2, a greater decrease in DUR is observed for group B 
than for group A.  This provides further evidence supporting our hypothesis that sleep is 
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beneficial in adapting to the CCS.  We can also see from Figure 21 that both groups start 
with a similar range of tumbling durations. 
 
Figure 21 – DUR across sessions with standard error for groups A and B 
4.5.3 Statistical Analysis - Effect of Sleep on Adaptation 
We were not able to use a repeated measures GLM ANOVA analysis because the data 
contained some missing cases.  The DUR data comes from the subjects pressing and 
releasing the tumbling button.  In some head turns subjects accidentally let go of the 
button earlier than they intended or sometimes they forgot to press it at the beginning of 
the head turn.  This means that the DUR data is not available for every single head turn, 
resulting in some missing cases within the data.  The ANOVA analysis cannot be used if 
we have missing cases, so instead a mixed hierarchal regression was used to analyze the 
DUR data.  A summary of these results is shown in Table 4.  Significant effects were 
head turn direction, session, and session*group.  These are the same effects that were 
significant with the INT data, and further strengthen our conclusions.  This demonstrates 
again that sleep is an important effect in adapting to the CCS, and this adaptation can be 
seen not only in terms of tumbling intensity but also in terms of the duration of the 
tumbling sensation. 
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Table 4 – Mixed Hierarchal Regression results for DUR (session 1/2, groups A/B) 
Variable Estimate Standard 
Error 
Z p-value 
INTERCEPT 7.113 0.900 7.906 0.000 
GROUP 0.429 0.896 0.478 0.632 
GENDER 0.046 0.900 0.051 0.959 
HT_DIR 1.082 0.060 17.990 0.000 
SESSION 0.261 0.060 4.321 0.000 
SESSION*GROUP -0.525 0.060 -8.699 0.000 
Similar to the analysis of the ANOVA model, we also examine the residuals of the mixed 
regression model.  We encounter a similar situation as in the INT data, with the residuals 
normally distributed about zero with approximately equal variance of the predicted 
values.  There is again a slight violation of the equality of variance assumption in the 
lower left corner, in a similar pattern as in Figure 18.  The reason for this discrepancy is 
the same as for the INT data, and has already been explained in section 4.4.3.  Since all 
the other assumptions in the model are satisfied and the model is moderately robust to 
small variations in the variance assumption, we assume this does not invalidate the 
model.  Additional plots from the analysis of residuals are given in Appendix C. 
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4.6 Motion Sickness (MS) 
4.6.1 Distribution of Motion Sickness Data 
A total of 33 subjects participated in the experiment with 22 completing the entire 3-
session protocol.  Out of the 11 subjects with incomplete data sets, 5 dropped out due to 
MS.  Table 5 gives a summary of the MS data. 
Table 5 – MS summary chart 
Group Total # Subjects MS>4 
Dropout 
(due to MS) 
A 19 12 (63%) 4 (21%) 
B 14 4 (29%) 1 (7%) 
When considering all the MS scores together it is essential to realize that there are two 
categorically different groups in the data set.  Some subjects have very little susceptibility 
to MS and consequently reported no MS symptoms throughout the entire experiment.  
Averaging these scores with the MS scores of subjects who experience MS symptoms is 
not a good approach, as we would be averaging dissimilar data.  In our MS analyses we 
therefore do not include subjects who reported 0 MS throughout the entire experiment, as 
this would incorrectly skew the results. 
4.6.2 Effect of Time of Day on MS 
The MS data is not normally distributed and the distribution is also not the same for both 
groups.  Figure 22 shows the distribution of the maximum reported MS values by group 
for all subjects that had a maximum MS score greater than 0 (in both groups n=12).  We 
can see that the Group B subjects were over-represented among the low levels of peak 
MS. 
 Figure 22 – Distribution of max MS for both groups 
In analyzing the MS data one approach is to use Fischer’s exact test, which is suitable for 
categorical data with small sample sizes.  Although the raw MS data is not categorical, 
we can establish a threshold level above which we consider subjects to have experienced 
significant MS, and below which we categorize them as not MS (nMS).  As previously 
shown in Table 5, we consider a subject with a maximum motion sickness score greater 
than 4 to fall into the MS group, and those with less than or equal to 4 in to the nMS 
group1.  Again, considering only subjects with a greater than zero value of maximum 
motion sickness and looking only at data from the first session, we get a distribution of 
subjects as shown in Table 6.  The test indicates a significant difference between the two 
groups (p=0.001), with group A having a higher MS levels than group B in session 1.  
This implies that there is a greater susceptibility to MS in the morning than in the 
evening. 
Table 6 – Fisher's exact test subject count for session 1 
Group MS nMS Total 
A 12 0 12 
B 4 8 12 
Total 16 8 24 
                                                 
1 The choice of MS=4 as the point where we divide the groups into MS and nMS is arbitrary.  However, the 
same approach was performed with other values and the same pattern was observed. 
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Another approach to analyzing the MS data is to use the Mann-Whitney test which is 
suitable for unpaired groups of data with non-normal distributions (Lowry 2007).  Mann-
Whitney is a non-parametric statistical tool that tests if the two samples come from the 
same distribution.  For this test we use the maximum MS scores for each subject.  The 
result is significant (p=0.0244, two-tailed), which again suggests that the two data sets are 
significantly different with greater susceptibility to MS in the morning than in the 
evenings. 
4.6.3 MS Throughout sessions 1 to 3 
There was a general trend of decreasing MS levels throughout the three sessions.  Figure 
23 shows the clear difference in MS levels in the first session.  No significant differences 
are observed in the second or third sessions. 
 
Figure 23 – Distribution of MS over Sessions by Group 
4.6.4 Correlation between MS and INT 
So far we have shown that there is no significant effect of time of day on the reported 
INT scores, but we have also shown that time of day does affect the MS scores.  These 
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two results suggest that the MS and INT data are not correlated.  This can be confirmed 
by the scatter-plot in Figure 24 which plots INT versus MS for all head turns with non-
zero MS. 
 
Figure 24 – Scatter-plot of MS vs. INT for all HT with non-zero MS 
4.7 Perceived Body Tilt (TILT) 
As explained in section 2.2.6, head turns to NUP and to RED tend to elicit different 
perceptions in body tilt.  Head turns to RED usually result in subjects reporting TILT 
values close to horizontal, whereas head turns to NUP tend to correspond to TILT values 
of pitching forward.  Similar to the MS data, some subjects do not report any change in 
body tilt perception throughout the entire experiment, and this data is not included in the 
analysis.  Figure 25 shows the TILT scores for the first session by head turn type. 
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Figure 25 – TILT by HT 
These results correspond to what we expect and also match findings in previous studies 
(Elias 2006).  For RED head turns the stimulus to the SSC corresponds to pitching 
backwards, while NUP head turns result in a forwards pitching sensation.  The most 
intense head turns have consistently been the ones from RED to NUP, which are all 
accompanied by a sensation of pitching forwards. 
4.8 Eye Movement Data (TAU & SPV) 
Two parameters were extracted for each head turn from the eye data - the time constant 
of the slow phase, TAU, and the peak amplitude of the slow phase velocity, SPV.  These 
were calculated from a single exponential fit to the vertical angular VOR.  No significant 
changes in the SPV component of the VOR were observed.  Figure 26 shows a plot of the 
SPV by head turn type and session. 
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Figure 26 – SPV by HT type and session 
However, the time constant of the VOR does show some adaptation throughout the three 
sessions.  Figure 27 shows the gradual decrease in TAU for the three sessions, separated 
by group and head turn type.  In both groups the NUP head turns consistently have higher 
TAU values than the RED head turns.  With the exception of NUP head turns in session 3 
of group B, there is a general decrease in TAU with increasing session number. 
 
Figure 27 – TAU by group and session 
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Despite the similar pattern, the head turns in group A have a consistently lower TAU than 
their counterparts in group B.  The reason for this is not clear, but it may be due to 
problems with measuring the eye movements.  Only about 40% of the head turn eye data 
was used in the above plots.  Due to problems previously discussed in the acquisition of 
the eye data, a large percentage of the head turns did not result in accurate measurements 
of the eye movements.  Even within the 40% of usable data there is a significant amount 
of noise that has likely distorted the data.  While the general pattern of decreasing TAU 
in progressive sessions is what we would expect to observe, the large discrepancy 
between the magnitude of the bars representing groups A and B, is probably an indication 
that there are faults in the data, most likely due to the problems with the eye data 
acquisition hardware. 
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5.0 Discussion 
5.1 Effect of Sleep 
By comparing the first session of all three groups, we have shown that there does not 
appear to be any significant initial differences between the subjects in each group in 
terms of their perceived tumbling intensities or durations.  This similarity between the 
groups suggests that all three are composed of a random sample of the overall population, 
and that time of day does not have an effect on the tumbling intensity.  The differences 
between groups A and B in the tumbling intensities and tumbling duration for the first 
and second sessions showed a positive effect of sleep on adaptation.  Statistical analysis 
showed a significant effect of sleep on adaptation for both the INT (p=0.027) and DUR 
(p<0.0005) data.  Both the tumbling intensity and duration showed a similar pattern of 
adaptation, with the same significant effects in both analyses. 
The positive effect of sleep is in agreement with what we expected to find based on the 
existing sleep, memory and learning literature.  Adaptation to the CSS is presumably a 
type of sensory-motor learning, and previous studies have shown that sleep can enhance 
the learning of new motor tasks.  In future studies, it would be interesting to try to 
pinpoint exactly what part of the brain is responding to the CCS stimulus and how sleep 
is being affected in the adaptation process.  This would serve two main purposes, 1) we 
would be able to determine if the part of the brain responding to the stimulus actually 
corresponds to the part of the brain associated with sensory-motor learning, and 2) we 
would also gain some insight into any changes that may be occurring in the sleep 
structure during the learning and consolidation process.  This would also allow us to 
make a stronger connection with the current sleep literature that has begun to associate 
specific types of learning tasks with specific sleep pattern changes. 
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5.2 Motion Sickness Susceptibility 
By analyzing both the incidence of high MS levels and the magnitudes of the reported 
MS in the first session of both groups, the data clearly showed a higher susceptibility to 
MS in group A than in group B.  This result implies a higher susceptibility to MS in the 
morning than in the evening.  This effect was confirmed by two different statistical tests.  
The Mann-Whitney test was performed with the maximum MS scores for all subjects in 
session 1.  The results indicate a significant difference between the two groups (p=0.024), 
with the morning sessions having higher levels of MS.  Fisher’s exact test was also 
performed on the MS data (after it was categorized into MS and nMS groups).  The result 
was again significant (p=0.001), also indicating higher susceptibility to MS in the 
mornings.  Time of day was found to be an important factor in MS susceptibility but not 
in the tumbling sensation.  This implies that there is no correlation between the INT and 
MS data, as was confirmed by the scatter plot in Figure 24. 
We did not anticipate finding a connection between time of day and MS susceptibility, 
yet this is a very interesting result that raises many questions.  Is there, perhaps, an effect 
of the circadian rhythm on the vestibular system?  Literature on this topic is virtually 
non-existent, even though its implications may be of great importance.  It is possible to 
imagine a circadian variation in the sensitivity of the vestibular system either in the 
central or in the periphery, which could explain a higher MS incidence at different points 
throughout the day. 
In terms of the neural-mismatch model, perhaps the threshold at which a conflicting 
signal begins to cause nausea varies with the time of day.  One possible explanation 
would be if our MS susceptibility threshold were a function of the amount of sensory 
input and conflicts that we experienced since being awake.  During the normal course of 
the day most people will experience a fair amount of slightly unexpected sensory 
conflicts that result from not being able to anticipate the future state of everything in the 
surrounding environment.  There are many possible examples of how this could occur, 
such as someone accidentally pushing or shoving you, unexpectedly stepping on uneven 
ground, or from not anticipating a bus braking while riding in it as a passenger.  Given 
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that these small disturbances would tend to happen during any normal day, it is possible 
that the sensitivities to such disturbances diminish throughout the day.  Essentially, we 
would be de-sensitizing the central processing of these signals, and as a result have a 
higher tolerance to MS.  This theory would explain why in the morning, before being de-
sensitized, we tend to observe higher rates of MS incidence.  The process would then also 
necessarily be reset during sleep or some period of inactivity.  This theory would be an 
alternative to the circadian rhythm explanation.  The mechanisms involved can be 
explained in terms of the de-sensitization of the signal’s central processing, without 
requiring any direct influence from the circadian rhythm. 
5.3 Possible Confounding Factors 
We have attributed the increased adaptation effect to sleep and suggested that the higher 
incidence of MS in the morning may be explained by a connection to the circadian 
rhythm.  However, we also need to point out that anytime we are investigating sleep, 
learning, memory, circadian rhythms, or motion sickness there is an enormous list of 
possible factors that can influence the results.  In practice it is very difficult, if not 
impossible, to control for all of these in a single study.  While this study provides some 
strong evidence to support the effect of sleep as being the main cause of the increased 
rate of adaptation observed in Group B, we cannot fully rule-out the possible influence of 
the circadian rhythm on this effect. 
The data also provides strong evidence that there is a higher incidence of MS in the 
mornings, yet it does not directly explain why this is the case.  We have provided two 
possible explanations for this effect, yet these are simply conjectures based on the data.  
There is no direct evidence to support either theory.  Also, many other factors can 
influence motion sickness susceptibility, such as food intake, number of hours subject has 
been awake, fatigue, quality of sleep, and room temperature among many others. 
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5.4 Eye Data 
Unfortunately, the only objective measure that could further support the patterns of 
adaptation that were observed in the tumbling and motion sickness data is not very 
reliable.  The numerous hardware malfunctions of the current system have made it very 
difficult to get a large and consistent enough data stream from which to extract reliable 
eye movement data. 
5.5 Suggestions for Future Work 
There are several possible research ideas that this study highlights which are worth 
pursuing.  First, in order to further validate the effect of sleep on the adaptation process 
we could repeat the experiment on a third group which would attend two training sessions 
in the same day.  The first would be in the morning and the second in the evening.  
However, contrary to group A, this group would sleep during the daytime in between the 
two sessions.  If in this case we still observed a higher rate of adaptation in this group 
between the first two sessions than in group A, then we would have an even stronger case 
to support the hypothesis that improvement in adaptation is indeed due to the effect of 
sleep and not due to circadian variations or other explanations. 
Other possible avenues of future research include exploring the possible connection 
between the circadian and vestibular systems as well as the possible effect of the 
circadian system on MS susceptibility (which does not necessarily have to occur through 
a connection to the vestibular system).  Additionally, functional magnetic resonance 
imaging (fMRI) or other brain imaging techniques could be used to determine which 
areas of the brain are responding to the CCS, and if there are any changes to the sleep 
structure associated with the time period of consolidation and learning of this new 
stimulus. 
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6.0 Conclusion 
This experiment has demonstrated that sleep has a positive effect on the adaptation to the 
CCS.  The benefits of sleep have been shown through several metrics such as in the 
reported tumbling intensities and durations.  The results have shown that time of day does 
not affect the tumbling intensity, but it does affect the MS susceptibility.  Subjects are 
more likely to become MS during morning sessions than during the evening ones.  These 
conclusions validate our two initial hypotheses, yet no evidence was found to support our 
third hypothesis that sleep helps “reset” the MS levels back to a zero baseline. 
From an operational point of view, it appears that having multiple spinning sessions in 
one day is not desirable as no extra benefits are derived from such a compressed 
schedule.  On the contrary, it is better to let subjects sleep in between training sessions, as 
this accelerates their rate of adaptation.  This effectively sets the lower limit on how short 
a training schedule can be.  The effect of time of day on MS susceptibility also suggests 
that training subjects in the evenings as opposed to in the morning is beneficial in 
reducing the MS symptoms.  Besides a centrifuge training protocol, other potentially 
nauseogenic procedures may also benefit from this knowledge by optimizing their 
schedules. 
The main purpose of this study was to investigate the effect of sleep on the adaptation to 
the CCS.  This study has succeeded in providing a substantial amount of evidence 
supporting our main hypothesis that sleep is beneficial to the adaptation process and has 
also shown a previously unknown variability of MS susceptibility with time of day. 
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Appendix A – Consent Form 
Consent to Participate in Non­Biomedical Research 
 
Neurovestibular Aspects of Artifical Gravity:  
Toward a Comprehensice Countermeasure. 
You are asked to participate in a research study conducted by Laurence Young, Sc.D., 
from the Department of Aeronautics and Astronautics at the Massachusetts Institute of 
Technology (M.I.T.) The NASA Johnson Space Center is also participating in this study. 
The results of this study may be published in a student thesis or scientific journal. You 
were selected as a possible participant in this study because you volunteered and meet the 
minimum health and physical requirements.  You should read the information below, and 
ask questions about anything you do not understand, before deciding whether or not to 
participate. 
PARTICIPATION AND WITHDRAWAL 
Your participation in this study is completely voluntary and you are free to choose 
whether to be in it or not.  If you choose to be in this study, you may subsequently 
withdraw from it at any time without penalty or consequences of any kind.  The 
investigator may withdraw you from this research if circumstances arise which warrant 
doing so.  Such circumstances include evidence that you do not meet the minimum health 
and physical requirements, or that during the study it becomes clear to the experimenter 
that you are becoming drowsy, unalert, or uncooperative. 
You should not participate in this study if you have any medical heart conditions, 
respiratory conditions, medical conditions which would be triggered if you develop 
motion sickness, are under the influence of alcohol, caffeine, anti-depressants, or 
sedatives, have suffered in the past from a serious head injury (concussion), or if there is 
any possibility that you may be pregnant.  The experimenter will check to see if you meet 
these requirements. 
PURPOSE OF THE STUDY 
The purpose of this study is to understand the cognitive and physiological effects of 
short-radius centrifugation used to produce Artificial Gravity (AG). Short radius 
centrifugation is currently being investigated as a countermeasure to the deleterious 
effects of weightlessness experienced during long duration spaceflight. 
PROCEDURES USED IN THIS STUDY 
If you volunteer to participate in this study, we would ask you to do the following things: 
When you arrive at the lab, you will be briefed on the background of centrifugation, 
disqualifying medical conditions, the experiment protocol, and the various components of 
the centrifuge, including the emergency stop button, restraining belt, and data collection 
devices. Data collection devices include goggles that monitor your eye movement, heart rate 
sensors, and sensors that detect your head movement.  After your briefing, the experimenter 
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will record your answers to basic questions about your health, and take your height, weight, 
blood pressure, and heart rate. 
During the experiment you will be on the centrifuge in either the supine position, the prone 
position, or on the side on the rotator bed.  You may be asked to place your head into a 
cushioned pivoting helmet at the center of the centrifuge that limits your head movement to 
one or several rotational axes.  After lying down, the experimenter may collect some data 
while the centrifuge is stationary. The experimenter will ask you if you are ready before 
starting rotation your rotation on the AGS will not exceed the following parameters: 
-Acceleration no greater than 5 revolutions per minute, per second 
-G-level along you body axis will not exceed 2.0G at your feet (a "1G" is defined as the 
acceleration or force that you experience normally while standing on earth) 
-Time of rotation not exceeding 1 hour 
During rotation the experimenter may direct you to make voluntary head movements or to 
perform simple tasks such as adjusting a line of lights or reading portions of text.  A possible 
protocol for an actual trial will consist of a short period of supine rest in the dark, followed 
by a period of head movements (ranging from 90 degrees to the left, to vertical, to 90 degrees 
to the right) in the dark, followed by a period of similar head movements in the light, and that 
this trial could be repeated many times.  During these head movements, your head should 
move at approximately a speed of 0.25 meters per second. 
During and after the experiment you will be asked to report your subjective experience (how 
you feel, how you perceive your head movements, etc.).  During and after the experiment you 
will be asked to report your motion sickness rating.  This data will be recorded anonymously. 
When the experiment is complete, the centrifuge will be stopped, and the experimenter may 
collect some additional data. 
As a participant in experimental trials, you tentatively agree to return for additional trials (at 
most 10) requested by the experimenter.  You may or may not be assigned to a study group 
that performs similar tasks.  Other than the time required for rotation, the time commitment 
is 20 minutes for the first briefing, and 10-60 minutes for other procedures before and after 
rotation. 
POTENTIAL RISKS AND DISCOMFORTS 
During rotation you may develop a headache or feel pressure in your legs caused by a fluid 
shift due to centrifugation.  You may also experience nausea or motion sickness, especially as 
a result of the required head movements.  You will not be forced to make any head 
movements if you experience any discomfort, you are free to discontinue head movements at 
any time.  The experimenter will frequently ask you about your motion sickness to ensure 
your comfort.  You may also feel sleepy during the experiment, and the experimenter will 
monitor your alertness through communication and through a video camera. 
ANTICIPATED BENEFITS TO SUBJECTS  
You will receive no benefits from this research. 
ANTICIPATED BENEFITS TO SOCIETY 
The potential benefits to science and society are a better understanding of how short 
radius centrifugation can enable long duration spaceflight. 
PAYMENT FOR PARTICIPATION 
Eligible subjects will receive payment of $10/hr for their participation. Checks will be 
mailed within 4-6 weeks of participation. Subjects not eligible for compensation include 
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international students who work more than 20 hours per week, or volunteers from the M.I.T. 
Man Vehicle Lab. 
PRIVACY AND CONFIDENTIALITY 
Any information that is obtained In connection with this study and that can be identified with 
you will remain confidential and will be disclosed only with your permission or as required 
by law. 
Some of the data collected in this study may be published in scientific journals and student 
theses, or archived with the National Space Biomedical Research Institute. The data may 
consist of measurements of your eye movements, subjective ratings of illusions experienced 
during centrifugation, subjective descriptions of your experience during centrifugation, 
measurements related to your subjective orientation in space, measurements of your cognitive 
abilities before, during, and after centrifugation, subjective ratings of your motion sickness, 
and heart rate. 
During the experiment, the experimenter will monitor you through a video camera capable of 
imaging in darkness.  You will be monitored to ensure your state of well being and 
compliance with the experiment protocol.  In some cases the video data will be recorded on 
VHS tapes.  You have a right to review and edit the tape.  Any recorded videotapes will be 
accessible only by members of the current Artificial Gravity research team.  Videotapes will 
be erased in 5 years, at most. 
Research data collected during the experiment is stored in coded files that contain no 
personal information.  This coding of the data will prevent linking your personal data to 
research data when it is analyzed or archived.  Research data is stored in Microsoft excel files 
and ASCII files, and there is no certain date for destruction.  The data is stored in Man 
Vehicle Lab computers that remain accessible only by Artificial Gravity team members, 
except data archived with the National Space Biomedical Research Institute.  The 
investigator will retain a record of your participation so that you may be contacted in the 
future should your data be used for purposes other than those described here. 
 
WITHDRAWAL OF PARTICIPATION BY THE INVESTIGATOR 
. 
NEW FINDINGS 
. 
EMERGENCY CARE AND COMPENSATION FOR INJURY 
"In the unlikely event of physical injury resulting from participation in this research you 
may receive medical treatment from the M.I.T. Medical Department, including 
emergency treatment and follow-up care as needed. Your insurance carrier may be billed 
for the cost of such treatment. M.I.T. does not provide any other form of compensation 
for injury. Moreover, in either providing or making such medical care available it does 
not imply the injury is the fault of the investigator. Further information may be obtained 
by calling the MIT Insurance and Legal Affairs Office at 1-617-253 2822." 
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IDENTIFICATION OF INVESTIGATORS 
If you have any questions or concerns about the research, please feel free to contact: 
Principle Investigator: 
Laurence Young (37-219) 
77 Massachusetts Avenue 
Cambridge, MA 02139 
(617) 253-7759 
 
RIGHTS OF RESEARCH SUBJECTS 
You are not waiving any legal claims, rights or remedies because of your participation in this 
research study. If you feel you have been treated unfairly, or you have questions regarding 
your rights as a research subject, you may contact the Chair-man of the Committee on the 
Use of Humans as Experimental Subjects, M.I.T., Room E25-143b, 77 Massachusetts Ave, 
Cambridge. MA 02139. phone 1-617-253 6787. 
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SIGNATURE OF RESEARCH SUBJECT OR LEGAL REPRESENTATIVE 
I have read (or someone has read to me) the information provided above.  I have been 
given an opportunity to ask questions and all of my questions have been answered to my 
satisfaction.  I have been given a copy of this form. 
BY SIGNING THIS FORM, I WILLINGLY AGREE TO PARTICIPATE IN THE 
RESEARCH IT DESCRIBES. 
 
________________________________________ 
Name of Subject 
 
________________________________________ 
Name of Legal Representative (if applicable) 
 
________________________________________  ______________ 
Signature of Subject or Legal Representative  Date 
SIGNATURE OF INVESTIGATOR 
I have explained the research to the subject or his/her legal representative, and answered 
all of his/her questions.  I believe that he/she understands the information described in 
this document and freely consents to participate. 
 
________________________________________ 
Name of Investigator 
 
________________________________________ _____________________________ 
Signature of Investigator    Date (must be the same as subject’s) 
 
SIGNATURE OF WITNESS (If required by COUHES) 
My signature as witness certified that the subject or his/her legal representative signed 
this consent form in my presence as his/her voluntary act and deed.   
 
_____________________________________________________________ 
Name of Witness    Date 
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Appendix B – Detailed Centrifuge Checklist 
AG – Centrifuge Experiment Checklist 
 
Arrive 30mins before subject scheduled time 
 
• Turn on computers 
• Turn on the two monitors 
• Check goggles are ok (rubber strap in place, cameras securely attached) 
• Turn on power supply, turn on the two eye cameras 
• Put on goggles and check the eye position in the monitors is centered (left one is more 
important than the right).  If not, adjust the cameras and try again. 
• Once goggles are ok, turn off the two eye cameras 
• Make sure helmet and metal rods are set up properly for the required protocol 
• Prepare computers, open spreadsheet template, save with subjects’ name, open computer 
questionnaire (remember to click on ‘save’ and then ‘new’) 
 
Once the subject arrives 
 
• Put up experiment in progress sign, close door 
• Show subject the centrifuge and give general introduction to the experiment 
• Ask subject to read the consent form and answer any questions 
• Confirm no history of disqualifying medical conditions 
• Sign and date the consent form (both you and the subject) 
• Fill in compensation form if subject is eligible 
• Ask subject to fill in the questionnaire and help him with the old computer interface 
• Write the subject’s date of birth next to their name on the consent form (as the computer 
doesn’t save this) 
• Instruct the subject on the experiment protocol 
- Eyes open and looking straight ahead (particularly during and immediately after the head 
turns) 
- Tumbling intensity, body tilt, motion sickness scale 
- Protocol: “to the left/right/center”, “1, 2, start, stop”, press button, turn head, release 
button, say ‘release’, answer questions 
• Safety: emergency stop button, seat belt, remind of right to stop experiment at any time 
• Ask if subject has any questions, comments, concerns 
 
Preparing centrifuge for subject 
 
• Ask subject to remove items from pockets, suggest wearing long sleeves to not get cold 
• Instruct how to adjust helmet (yellow sliders), and to keep strap a bit loose 
• Instruct on where to hold on to, when getting onto the bed 
• Have subject lay down put pillow under shoulders, and adjust helmet to head 
• Adjust footplate, don’t forget footplate pins, use (triangular) cushion if necessary 
• Turn on cameras and power supply 
• Help subject put on goggles, check eye is visible. If not, readjust (at least until left eye is 
looking good) 
• Fasten chin strap, seat belt, foot straps 
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• Turn on calibration cross lights, turn off light on centrifuge area (leave main lab light on) 
• Open ISCAN software on left computer, press M to start displaying data 
• Adjust contrast on both eyes: F2 to switch b/w eyes, F7 selects eye, up/down arrows adjust 
• Press O to toggle to the calibration screen, and S to change from diam to center 
• Ask the subject to look at the center light and press P repeatedly until values stop changing 
significantly 
• Press S to change to from center to left and repeat procedure, do the same for the rest of the 
cycle, ending in center 
 
Experiment Part I: pre-spinning 
 
• Use O to toggle to the recording screen and press R to start recording and go through the 
calibration sequence 3 times: start at center then to left, right, center, top, bottom, center.  
Press Q to stop recording.  Turn off the calibration cross lights. 
• Blindfold the subject, tape the blindfold to the helmet/goggles and ask if subject can see any 
light, adjust accordingly. 
• Do a couple of practice head turns with full procedure (pressing button, asking questions) and 
check that goggles and blindfold stay in place 
• Press R and start recording the 6 PRE-phase head turns.  Stop recording, press Q. 
• Unplug the power cords and secure them, press the button on both batteries to stop the 
beeping (tell subject not to worry about the beeping sound) 
• Turn the control box under the centrifuge on 
• Remove the clamp and move the iron horse out of the way 
• Walk the centrifuge around once, check for any obstructions, check cabinet doors are closed 
and remind subject they will be spinning at 23rpm, check subject is ok to begin 
• Check control box is set to manual, and reverse (for CCW), flip the control box to on and the 
lower right switch from neutral to start 
• Open the centrifuge control software on the right computer and inform subject they are about 
to start spinning.  Inform subject that you will let them know when they’ve reached 23 rpm. 
 
Experiment Part II: spinning 
 
• Click start on the screen and gradually increase the speed to 23rpm 
• Once speed is stabilized, inform subject that they’ve reached 23rpm 
• Turn on red desk lamp, turn off main lab light 
• Start recording, press R, and proceed with the initial 6 head turns of the protocol, remind 
subject to keep eyes open.  15-20 seconds after head turns are complete press Q to stop 
recording 
• Start with the 30 STIM-phase head turns, remind subject which direction they will be turning 
their head, press R to record and stop recording by pressing Q, 15-20 seconds after the last 
head turn 
• Start recording again, press R, and do the final 6 head turns, remind subject which direction 
to turn.  Press Q to stop recording, 15-20 seconds after the last head turn 
• Inform subject you will now gradually power down the centrifuge, but that we still need 6 more 
head turns while not spinning, so tell subject not to move or turn head 
 
Experiment Part III: post-spinning 
 
• When centrifuge is stopped, switch control box to off 
• Place iron horse under centrifuge and clamp it down 
• Start recording (R) and do the last 6 head turns, press Q when finished 
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• Inform subject that 1 more calibration is needed, turn on main lab light, turn off red desk 
lamp, remove blindfold, and switch on calibration cross lights 
• Give the subject time to adjust eyes to the light 
• Start recording (R) and perform final calibration, starting by looking at the center dot, then left, 
right, center, top, bottom center.  Repeat cycle 3 times and stop recording (Q) 
• Help subject get up, unbuckle seat belt, remove chin strap, remove and secure goggles, 
remove feet strap 
• Ask final questions comparing the head turns and note it on the spreadsheet 
• Write down any other info on spreadsheet (eg. If alcohol or caffeine was consumed on 
previously, if eyes were closed throughout most of head turns, etc.) 
 
Finishing the Experiment 
 
• Thank subject for participating, and ask if any of his friends are interested in participating to 
contact us, remind subject at what time he’s scheduled for the next day if not on the last day 
• Save the raw data file in format: “{subject’s name}_D{day number}” (remember max of 8 
characters) 
• Save also in the ASCII format, same format but with A at end of file name 
• Exit ISCAN program, exit centrifuge control camera, save spreadsheet and close. 
• Turn off both eye cameras, turn off control box underneath centrifuge, turn off calibration 
cross lights, turn off power supply 
• Connect power cords of both batteries to extension cord, check lights go green 
• Turn off both eye monitors, turn off both computers and monitors 
• Fill in logbook, file or store consent forms 
• Remove experiment in progress sign 
• Final check to make sure everything is ok 
• Turn off light, close door, and drop off paperwork in office 
 
 
Appendix C – Additional Results 
Tumbling Intensity 
Additional Plots for section 4.4.1 
 
Figure 28 – Magnitude of intensities for session 1 by group and HT type 
 
  
Figure 29 – Distribution (a) and magnitude (b) of intensities for session 1 by sex and HT type 
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Figure 30 – Raw INT for session 1 by group and  HT type 
 
Figure 31 – Raw INT for session 1 by sex and HT type 
85 
 
Mixed Regression Analysis of INT data in section 4.4.3 
Mixed regression analysis of raw INT for groups A and B and sessions 1-2.  Independent 
categorical variables: group, session, sex, head turn direction, session*group. 
 
Table 7 - Mixed regression results for INT (session 1/2, groups A/B) 
Variable Estimate Standard Error Z p-value 
INTERCEPT 7.867 0.613 12.833 0.000 
GROUP 0.495 0.613 0.807 0.420 
SESSION 1.5 0.055 27.315 0.000 
SEX 0.123 0.613 0.201 0.841 
HT_DIR 1.437 0.055 26.187 0.000 
SESSION*GROUP -0.516 0.055 -9.398 0.000 
 
Plots of Residuals 
 
Figure 32 - Plots of residuals for INT mixed regression 
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Residuals for Mixed Regression Analysis of DUR data in section 4.5.3 
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Appendix D – Raw Data 
Legend for raw data tables 
Grp  Experimental group to which subject belongs (A, B or C) 
Subj  Subject identifier number 
Sex$  Male or Female 
MSSc$ 1 if maximum MS was greater than or equal to 5, 0 if less than 5 
RPM  Centrifuge rotational velocity 
Sess  Session number (1, 2 or 3) 
Day  Day 1 or 2 of protocol 
Time  Time of day at which session was held (hhmm) 
Date  Date at which session was held (mm/dd/yyyy) 
Phse  Phase number (1-7) 
HT#  spinning HT number (1-42) 
MS  Subjective MS score as reported by subject 
TILT  Subjective perception of body tilt as reported by subject 
DUR  Subjective duration of tumbling sensation as reported by subject 
INT  Subjective tumbling intensity as reported by subject 
SPV  SPV of the VOR, obtained using the eye-data analysis software 
TAU  Time-constant of the VOR, obtained using the eye-data analysis software 
Supp  1 if eye data is excluded from analysis (bad eye data), 0 otherwise 
Inc  1 if data set is incomplete, 0 otherwise 
AvLnINT Average over subject, HT type, and session of the natural logs of INT 
nINT  Normalized tumbling intensity 
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